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Abs t r ac t .  IrSbj  belongs fo a large family of CONlf)OLlfldS  with the
sku[tcrudi(c  cIysIal structure (COAS3).  l’he pcritectic  decomposi(  inn  tcn)pcratui  c

of IISb~ is 114 I “C [1]. I’hc g[ocvtb of Iargc crystals of IrSb~ by crrnvcntiowrl

growth tcchoiqucs  is not straightforward, Sin~lc phase, polycrystallinc  srtniplcs

WCJC  prepared by a Iiqoirf-solid sintering  technique. Samples were cbaractcrizcrt  by

nlicrop[otm  analysis, X-ray diff[actomc(ry  and density rncasurcmenls.  As-prepared
IrSb~ samples show p-type conductivity and n-type samples were prepared hy

addition of platinum. Secbcck coefficient, electrical resislivity,  thermal

conductivity and hall effect measurements were performed at room tenlperatrrrc

and up to 600°C on selected samples. f{igh  p-type nobilities were measured and a

!llaxin~un~ of about 1380 cn12. V-1. s-1 was measured on a sample with a carlicl

conccntl  ation of 7.1 x 1018  c1ll.3. N-type samples  have substantially ICNCWI

Illobiti tics hut very large Seebcck  coefficients. A bandgap  of 1,18  eV was

cstiniatcd  from high temperature electrical resistivity  anrt Ilall  effect

n)c.irsurcmcn(s. 7’bc  hole and electron effective masses were. also estimated. Based
on the cxpcrirncn(nl  data obtrt ined, the potential of IrSb~ as a ther!)loc]cc(ric

n}alcliril  is discusscxt.

l~~TI<~J)UC~lJON

11Sh3 bclcmgs 10 a large family of materials having the skutkmrcii~c
strucIurc  and rcccnt  studies have shown that it is a promising
thcrmoclcctric  material [2,3]. ‘Jlis structure is composed of a cubic
lfitticc, space group Iw3 anri the unit ccl] contains 8 A113 groups. ‘f’hc
lal{icc constant of IrSb3 is 9.2533 ~ and its pcritcctic  decomposition
tcmpcratorc  is 114 10C [ 1]. l’bc growth of large crystals of lrSb3 by
crmvcnlional  growth techniqocs  is not straightforward bccausc  crystal
~rowth fl-om the mc]t can only bc initiated from a very narrow range.
of compositions [1]. Moreover, the liquicltrs  curve in this region is so
sharp that tbc separation of the liquid and the solid during
crystallization is very difficult [1], Polycrystallinc  n- and p-type
salnplcs  of IrSh3 were prepared by a liquid-solid phase sintcriog

process. l’hc  samples were characterized by microprobe analysis,
density and X-ray mcasurcmcnts.  A variety of electrical and thermal
mcasurcmcnts  were also performed at high tcmpcraturcs.  l’hc  results
of the mcasurcmcnts  are presented and the potential of this compound
m a tltcrmoclcc(ric  mate.ria] is discussc.d.

lLXPIH{IMIINTAI.  I) ETAIJ.S

I’olycrystallinc  samples of IrSbs were prepared by a liquid-solid
phase sintcring  process. Iridium powder (99.95%) and antimony
shots (99.9999%) were  loaded in a quar(z ampoulc  about 6 mm in
diamc~cr. I’hc ampoule  was coated with carbon in order to prevent
any interaction of the materials with the quartz, and the formation of

oxides at clcvatcd  tcmpcrattrrcs.  The iridium powder was loaded first
in (I)c ampoulc  and the antimony shots wc.cc loadcct on the top of it.
l)oping studies were also conducted with platinum and irrdinc.
I’latinum powder was mixed together with iridium powder and iodine
was introduced in the form of the compound Sb13. The ampoulc. was
then scaled under vacuum, hc.ld vertical in a furnace and bcatcd.
Several reaction time durations and temperatures were tried and the
best rcsolts were obtained for a reaction time of 24 hrs at a
tcmpcraturc  of 950 “C. Under these conditions, the samples were the
most dense. Aflcr  reaction, samples about 6 mm in diameter and 10
mm long were easily removed from the ampoulcs  and cut into slices.

Some srrmplcs  wcw ground for X-ray diffractomctry (XI{ I))
analysis which showed that the samples were single pbasc.  l’hc
density of the samples was measured by the immersion tcchniquc
using toluccrc as the liquid, ‘1’hc measured densities were found to bc
bctwccn  85 and 95 % of the theoretical density (9.32 g.cn~-3).
Sclcctcd  sample.s were polished and their rnic!-o structure was
investigated under an optical microscope. Microprobe. analysis
(MPA) was also performed on the samples to check their composition
and it was found that most of the samples were slightly antimony-rich
(about 76 at.% antimony) but singlc  phase.

Sarnplcs  about 2 mm thick and 6 mm in diameter were
characterized at room tcmpcraturc by I1all effect and Sccbcck
coefficient mcasurcmcnts.  lIigb  temperature Scehcck  cocfficic.n(,
e l e c t r i c a l  rc.sistivity, lhcrmal c o n d u c t i v i t y  a n d  Ilall cffcc[
nleasurcmcnts  were also performed on sclectcd samples.

RIH31JI.rl’S  AND DISCLJSSION

Thcrmoclcdric  I’ropcrtics  o f  lrSb3

Room tcrnpcrature  van der Pauw, Ilall coefficient and Scebcck
coefficient Cncasoremcnts  are summarim.d  in Tahlc  1. I“he results
show that IrSb3 is a semiconductor, As prepared sampIcs  show p-
typc conductivity while doping with platinum concentration bctwccn
0.05 and 0.15 at.% charrgcd  the conductivity to n-type. MPA of
samples dope.d with platinum concentrations higbcr  than O. 1 S at. %
always showed some secondary phases and the volubility limit of
platinum in IrSb3 is ahout 0.15 at.%. As expected, iodine was found
to bc a p-type dopant for IrSb3.  The properties of IrSb3 arc
qualitatively similar to the results obtained for the isostructural
compound CoSb3  [4], I Iigh p-type carrier mobilitics  were measured
and a maximum of 1380 cn~2.V-r.s-r was measured on a sample  wi(h
a carrier concentration of 7.1 x 1018.cnl-3. For lower carrier



conccntr:![ion,  (k 1 lal] II]obility dccre.ascs wllicll is nol comislcn{
with (IIC large handgap  of lrSbj  and the absence of nl!notily carrier
compc.nsation  cffce(s.  I;igure 1 shows the Ilall  mobility values as a
function of (IIC I1all carricl- concentration for ~hc skut{crodi[c
c o m p o u n d s  lrSb~ and CoSbJ  a n d  a l s o  s l a t e - o f - t b c - a r t
semiconductors Si, Cic and Ill-V’s. Skut(crudi[c  compounds have
higher hole. mobilitics  than the sate-of-the-art scmiconductrrrs. These
high motrilitics  arc consis(cn( with the predominantly covalent bonds
in lhc skuttc.ruditc structure  and also to the fact tba( the valcncc hand
is cssentisrlly  derived from pnicogcn-pnicogcn  bonds in these
materials [5].

‘1’able 1. Room tcrnpcl-alurc  propcr[ics  of n- and [)-lypc IrSb~
sample.s.

[cl

Iilc.ctrical  re.sislivity p (mfl.cnl),  IIall  carrier concentration dp (x
1019. c1ll-3),  IIall  mobility pl[  (cnlz.  V-l. s-l),  Secbcck  cocfficien[

rx(\IV.  K-1).

4000 0  Sj

ICVCI,  and f’l and P’(, arc I;crmi integrals Using (I]C same forma] isnl,
lhc I Ian earl-icr conccn(ra[ion  (n/p) can bc cxprcssc.d as:

. .
n/p = 4/{1 (2rcnl* KI’/ 1)2)3/2  1’,,2 (g) (2)

(Jsing Itlc morn lcnlpc.ralurc. va)ucs of the Sccbcck  cocfficicr]t  and
assuming acoustic phonon scatlcring, t h e  J;crmi ICVC1 & can bc

c.alculatcd from equation (1) anrt used in equation (2) to calculate the
effective mass n~*. Using tbc data [abu]atcd  in table 1, an average
mass of O. 17 and 1.51 m. was calculated for the holes and the
c]cc(rons,  rcspcctivc.ly.

l~igurc  2 shows the clcctl-ical rcsistivily  values as a function of lhc
tcmpcraturc  for several n and p-type IrSb3 samples with different
doping ICVCIS. N-type samples have higher resistivity  values than p-
typc sample.s which do not show any intrinsic behavior in the
investigated range of tc.mpcrature.  N-type samples clearly show an
intrinsic behavior at high temperatures and a bandgap  of 1.18 CV was
estimated from the linear variations of the electrical rcsisi.ivity at high
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Vigur-c 1: Room tc.mpcraturc hall mobili[y t’oI p~ypc  IISbl and
CoSb~  as a function of }Iall carrier concentration. Values for p-type
Si, Gc and CiaAs  arc also shown for comparison.

N-type. samples have higher electrical rcsis[ivi(y than p-type samples
bccausc  n-type I Ian n~obili(ics  arc substantially Iowcr than ptypc. N-
type Sccbcck  cocfficicn[sarc  largcrthan  p-type Sccbcck cocfflcic.rlts
wl]ich  indica(cs,  as for CoSb~ [4], a diffcl-cncc in [hc I1OIC a n d
electron effcc(ivc  masses, An cstirnation  of thccffcctive masses can
bc made. from ”thc room tcmpcra(ure  values of the. hall car[icr
concentration and Secbcck  coefficient as follows I’hc Sccbcck

coc.ffic. icnt (u) can bc cxprcsscd  using gc.ncralizcd  l;crnli-IJirac
sla[istics  formalism and assuming acoustic phnnon  scallcrin. gof (hc
charge carriers:

(1)

where k is the Boltzmann conslanl, c tbc electron cbargc, ~ the l;c.rmi

npc.raturcs.
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1Jigurc2:  l;lc.clrical  resislivity  asafunction  oftcnlpc.raturc  forp-
and n-type IrSb~.

‘IhC variations of tlic } lall mobility as a funclion of temperature arc
sl)own in l;igurc  3. ‘1’hc.  }Iall mobility of p-type. samples dccrcascs
OnIY s!ow]y with tcrnpcl-aturc  and a maximum value of 600 cn12.
V-l,s-l Waslllc,asllr-Cd  a[5W°C.1’11cl Ian  nlobilityofn-lypc.samples

is ncgafivc  up to about 300°C  and bccorncs  positive for higher
tcnlpcraturcs, increas ing  up  to about  700°C.  3’his is duc to

compensation effects by high hole mobility holes. The. high
[clnpcraturc  Sccbcck  coefficient values of n- and p-type IrSb~

samples arc. shown in I:igurc  4. l’hc  p-type. Scebcck  cocfficie.nts
incrc:isc  up to a tcmpcraturc  of about 650°C, reaching a maximum
value.of about 200 ~lV.K-[, and [hen decreases. For lightly doped n-

typc samples, minority carrier compensation effcc[s are also obscrvcci
an(i the Sccbcck cocfficic.  nt changes  s ign  a t  rciativcly i o w
tcnlpcraturc,  bccomcs  positives and tbcn follow’s the variations of
[yi>icai p-type samples at high tcrnpcraturcs.  For n-type samples with
a high doping icvcl,  the Sccbcckcocfficicnt remains n-type up toa
tcmpcraturc  of 700°C.

‘1’hc thcrmai  conductivity of two n-type and one p-type IrSb3
samples was caicu]atcd  from thermal diffusivity  and heat capacity
mc.asurcmcnts  up to 700°C and the rcsuits  are shown in Figure 5. The
thcrmai  conductivity ctc.creases from a room tcrnpcratureof about
10.5 W.nl-J.  K-l to a minimum value. of about 3.4 W.n~-r. K-lat
700°C  for the. p-type sample. An estimate of the lattice thermal
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l~igurc 3: I lall mobility as a function of lempcraturc  for p- tnct n-
[ypc Ilshs,

conductivity of lrSb3 can bc matlc  by calculating (hc electronic
contribution to lhc total thermal  conductivity using the Wicdcnlsmn-
1 ‘ran? law, tbc value of the 1.orcnz number being calculated using the
Fermi Icvc.1 value obtaincct from equation (1). ‘f’hc lattice thermal

conductivity (LPI,) was estimated at 9.5 W.nI-l.  K-l and is clcariy  thc
dominant Contribution.
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Figure  4: Sccbcckcocfficicnl as a func[ion  of tcnlpcraturcforp-
and n-type CoSh~.
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lJigurc  S: ‘1’hcrmal conductivity as a function of [cmperaturc  for p-
and mtypcCo  Sbj.

l;igurc  6st~owst hc.calcLllatedZ  l'valLlcsf ortwop-ty}>cs  al~~l>lcs
and two n-type samples as a function of temperature. A maximum 7,’1’
value  of 0.4 was achieved at about 550°C for p-type IrSb~. “l’his
value is in agreement with the maximum value predicted from

(Ianspol’t prol)cltics  modclingof llsh~[lol. Z1’valucsarc.  increasing
wi(l]  lcmpcralurc,  suggesting tba~ higher v~llllcs nlig,llt hc obtained al
higllcr tcmpcraturc.  llowcver, a l t h o u g h  Ihc dcconlposi(ion
lcJIJljcr:JILlrc  cJf IrSt)jis 11410(1, JJilrLi:il ctccolllJ)ositioll of(llcs:ll]~~>lcs
ran occur in dynamic vacuum  above 600 ‘~ and uscof this malcrial
above tt~islcl~ll~cra( tlrcwlo~lld  bcciifficll]t.  I:ortl]c  n-ty}Jc sal~~l~lc.s, Z’]’
values arc increasing with tc.rnpcraturc, rcachirrg a nlaximllm of abou[
0.15 at a tcmpcraturc  of about 500 ‘C and then de.crease.s with
incrcasirrg  tcrnpcr-aturc corrc.spending to the dc.crease of [he. Scchcck
coefficient above [his temperature for heavily doped n-type samples.
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Figure 6:7.1’ values as a function of tcrnpcraturc  for some p- and n-
typc IrSb3 samples.

Conventional theory for a single band semiconductor indicates that
the optimum thcrmoclcctric  fig,urc of merit depends on [bc scattering
IIV.2ChatIi  Sill and a lllatCrial paranlCtCr ~ = r~]*3/2.@&~h  WhCrC O]* iS

thee.arl-icr effcctivenlass, p isthccarrier mobili[yirl  cn12.V-l.s-l and

kPllis  the lattice thermal conductivity in nlW.cn~-  l. Kl. ~canbc
calculated from the estimated electron and hole masses, the cstimatc(i
lattice thermal conductivity of 10.3 W.n~-l. K-land the, measured
values of the IIall  mobilitics  for the hoIcs and electrons. ‘1’hc IIall
nlobilitic  swcrccxtrapolatc da~ acarricr concentration of 10l~cm-~  for
n- and p-type lrSb~ using the variations of the Ilall  mobility as a
function of carrier concentration dctcrmincd  in this study. l’hc values
of fifornand p-type  IrSt)3 arcconq~aled  to}> -type SiGcarld  I~cSi2in
l’able 2.

I’able. 2. Son~c  properties of n- and p-type lrSb~.

P$gj;;l

(cn~~.V-l.sl)  (mW,cl~)-1.Kl)

* [6]

Al fhough  tllc maxinltrnl  a c h i e v a b l e  Z’1’ dcpcrrds  on scvc{’al
additional pararnctcrs  not included in ~,thcrcsutts  show that lrSb3 is

an intmsting  material with a good thcrmoclcctric  potential. 1 Iowcver,
relative.]y low 7.’1’ values were  obtained mainly because. the Iatticc
thermal conductivity of IrSb3 is too large, l-he results also show that

n-type samples might  have higher Z’I’ values than p-type material
despite the. exceptionally high Hall rnobilities of p-type. samples.
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, IIigh ‘J’cmpcr-aturc  IIcat-rJ’rcall~]{)l~t

1 ligh tcrnpcraturc  heat-treatments were also ccmdrrckxl in dynamic
vacuum 10 attc.mpt controlling  (}1c doping ]C.VC] of lhc samples by
changing tbcir  s(oichiomctry.  I’hc impact  of the Iligi]-[clllpcrall lrc
I)ca[-trcatmcn(s  on the properties of lrSb~  samples prcpat-cd by liquid-
solirt pbasc  sin[cring  was invcsligatcct. Several duralion  times and
tcmpcraturcs  were tried. It was found by MPA and Xl<l) (hnl IIIC
sample.s ]~:irtiallydccorl]l~osc.d  duril~g tt~c. llc.al-tf-catll~ ci~[ and an lrSb2
I:iyct- dcvclopcd  on the surface of tbc samples dul-ing (hc hcat-
trcatmcn(s  “1’hc  (hickncss  of this Iaycr depends on tl)c. heat-treatment
conditions  an(itl)c  quality oftbcsanlplcs, ];oratypica!  heat-trc.atnmnt
alatclllIlcral Llrc950 OCforat~oLlt 2O]llitllltcsoll  asanlplc.abou{ 1 mm
thick, an1rSb2 laycrof abou150~dcvclopcd.

}Ical-trcaling  thcsamplcsal a lcllJpcratL]rco f9500C foratmut 2.0
minutes substantially inc]-cased the Sccbcck cocfficicnl  of the
sample.s, The influcncc  of the IrSb~/frSb2 intcrfacc  on the propcr(ics
ofhca(-trca[cd IrSb~  samples was investigated and it was found that
this  incl-c.mc i n  I}IC Sccbcck  cocfficicn[  wiis associa[cd  t o  lhc
llSb~/lrSb2  intcrfacc.  lndc.ccl, (I]c incl-case in the Sccbcck coc.fficicnt
cc)u]d n o  l o n g e r  bc Obscl-ircd  whcrr  lhc  ll-SI>Z  layc.l-  wzts renmvcd
Mcasurinp,  the. rc.sis~ivity of these samples by (hc van dc.r Paw
tcctlr]iqllc lcdtolo\v  rcsisti\'ity  valL]c.s(sligl]tly  ir~creascdcoll~f)arcdtc)
non heat-trca(ect samples) which, combincxl  with flm incl-cased
Sc.cbc.ck coefficient values,  lcd (ohigh~’I’v alocsrcpor[cd in [7].
IIowcvc.r, this tcchniquc  is not suitable to measure the rcsistivity  of a
(WO layer sample. Wc ?l[cnlptcd  to measure Ihc rcsistivi[y  of (tic
samples by various bonding, brwing  or pressing contacki techniques.
None of these techniques was suc.ccssful bccausc of the difficulties III
find an artcquatc  bonding olatcrial without altering significantly (Iw
sur-face of tbcsamplcs and wccould  not find a rcchniquc [O rc.liably
measure ltlcrcsistivity  of Lllcsct lc.a[-trcatccl-salllf  ~lcs.

CONC1.LJSION

nigh  Z1’ values migh~  bc possible for ma[crials  wi[h [he.
Skutlcl-uditc structure if onc can find a Skultcrudi(c malcria! with a
substantially lower thermal conductivity, rc(aining (he. goo(i  ba~ic
properties rrflrSbj, suc.has highcarricrru obili[y. l{cduc~ionofthc
thermal conductivity can be achicvcd,  for example, by inc]caslnf,
pllonon scat(cringby alloy ing with isostructural  compounds [8] or
developing ternary or even qua(ernary sku~tcrurti[c  rcla(cd phases [9].
Considering the Iargc number of malcrials  having the skrrt(cruditc
strocturc [9] and the possibili[ics  of [ailoring  composition and
bandgap  in these materials, one should bc able to find a material wit))
a good potcn[ ial for high 7,”1’ val LIcs,

AC1<NO\?~l.lllJGMICN’J’S
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